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Given the existence of a universal quantum Turing machine, there is no conflict in the denition of
a universal quantum computer between being universal and the need for a halt qubit, as previously
claimed. Moreover, it is pointed out that there exists a universal, i.e. programmable, quantum
circuit which can perform an arbitrary quantum computation, by repeating the operation of a xed
gate array.
PACS numbers: 03.67.Lx, 89.70.+c
A present-day computer is a universal computer; we
use one single computer for dierent computational tasks.
This is the consequence of the Church-Turing thesis: ev-
ery computable function can be computed by a universal
Turing machine [1]. The practical computers, i.e. the
classical circuits, are good enough approximations of the
universal Turing machine. A universal computer per-
forms the computation of an arbitrary function by en-
coding a program for this function as another part of
the input, in addition to the data to be computed on.
Hence the Church-Turing universality means that for a
universal computer, there always exists a program for an
arbitrary computational task. In the modern, complex-
ity theoretic formulation, the execution of the universal
computer is ecient, i.e. the running time is bounded by
some polynomial in the size of the input.
Naturally, it is both theoretically and practically im-
portant to generalize the Church-Turing universality to
quantum computation, with the arbitrary computational
task interpreted as an arbitrary unitary transformation
[2]. Early on, Deutsch introduced quantum Turing ma-
chine (QTM) and proved the existence of a universal
QTM, for which there always exists a program that ef-
fects a unitary transformation arbitrarily close to any
desired unitary transformation on an arbitrary number
of qubits [3]. More recently, Bernstein and Vazirani con-
structed an ecient universal QTM [4].
However, there are two claims which could destroy the
ideal of a universal quantum computer. Myers pointed
out that there is a conflict in the denition of a universal
quantum computer between the need for a halt qubit and
being universal, which was understood as the need for
operating on superpositions of states of a computational
basis [5]. Although Ozawa showed that the monitoring
of the QTM is a quantum non-demolition measurement
[6], the situation that dierent computational branches
halt at dierent time, if really happens, may diminish
the interference eect [4], because the entanglement with
another degree of freedom, here the halt qubit, destroys
the interference. On the other hand, Nielson and Chuang
showed that there is no deterministic universal quantum
circuit, i.e. a xed, programmable gate array which can
eect an arbitrary unitary transformation by inputing
qubits representing a program together with those repre-
senting the data [7].
In this note, I point out that given the existence of the
universal quantum computer, as shown in the work of
Deutsch and that of Bernstein and Vazirani, the conflict
claimed by Myers does not exist, because being universal
does not mean the need for the total machine to operate
on any superposition. As a step towards a practical uni-
versal quantum computer, I also point out that a univer-
sal quantum circuit can be constructed in a way dierent
from the scheme shown to be impossible by Nielson and
Chuang.
Because no measurement is permitted to be made dur-
ing the quantum computation, Deutsch set aside a halt
qubit nh to signal whether the computation is completed.
nh is initialized to 0 and flips to 1 when the compu-
tation is completed. Therefore one may observe nh to
know whether the computation has been completed. Re-
cently, Myers argued that there can be an entanglement
between halt qubit and others, thereby a measurement
on nh spoils the computation, as follows [5]. Suppose
two computations, which start respectively from basis
states jAij0hi and jBij0hi, are evolved after NA and NB
steps to the desired states jA0ij1hi and jB0ij1hi, respec-
tively. If NB > NA, then for a computation starting
from (jAi+ jBi)j0hi, after N steps, with NA < N < NB,
the state is something like jA00ij1hi + jB00ij0hi. Because
the computation time is unknown, if one measures nh
after N steps, with NA < N < NB, the computation
is spoiled since the state will be reduced to one branch
of the superposition. Myers regarded this as a conflict
between being universal and being fully quantum [5].
A QTM consists of a nite processor consisting of N
qubits n^ = fnig (i = 0,    , N − 1), and an innite tape
consisting of an innite sequence of qubits m^ = fmig
(i =    ,−1, 0, 1,   ), of which only a nite portion
is ever used. An observable x^ species the currently
scanned qubit on the tape, i.e. the position of the head.
Thus the state of a QTM is a unit vector in the Hilbert
space H spanned by the basis states
jx; n;mi  jxijn0, n1,    , nN−1ij    ,m−1,m0,m1,   i,
(1)
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which are simultaneous eigenvectors of x^, n^ and m^, with
the eigenvalues x, n and m. The dynamics is summarized
by a constant unitary operator U whose only nonzero ma-
trix elements are hx 1; n0;m0x,my 6=xjU jx; n;mx,my 6=xi.
Each choice of such a U denes a dierent QTM. The
initial state is prepared as jΨ(0)i = ∑m λmj0; 0;mi,
where both the number of nonzero λm and the num-
ber of nonzero mi for each m with nonzero λm are nite.
After S steps, the state is jΨ(ST )i = USjΨ(0)i, where T
is the time duration of one step.
For a universal QTM, we may write its state as
jQ(x,n)ijnhijDijPi, where jQ(x,n)i is the state of the
processor, excepting the halt qubit while including the
head position, jnhi is the halt qubit, jDi the state of the
data, jPi is the state of the program. jDi an jPi are
both parts of the tape. Through the work of Deutsch,
and of Bernstein and Vazirani, the following theorem is
available.
Theorem.|-There exists a universal QTM dened by
U , for an arbitrary unitary transformation U and a re-
quired accuracy , there is always a program jP(U , )i
and a whole number S(U , ), such that
US(U ,)jx = 0,n = 0ij0hijDijP(U , )iji
= jQ0(x,n)ij1hijD0ijP 0(U , )iji, (2)
where ji is the rest part of the tape, which are never
aected during the computation, jD0i is -close to jUDi,
i.e.,
jjjD0i − jUDijj2 < . (3)
One may require jP 0i = jPi. Furthermore, S(U , ) is
bounded by a polynomial in 1/ and the dimension of U ,
hence this universal QTM is ecient.
A priori, there are two types of universality weaker
than given by this theorem. Type-I universality requires
the existence of the program jPi for an arbitrary com-
putational task, but permits jPi to be dependent on the
data jDi. Complementarily, Type-II universality requires
that a program jPi is independent of the data jDi, and
is only determined by the accuracy , and the function
to be computed (in case of classical computation) or the
unitary transformation U (in case of quantum computa-
tion), but does not require the existence of a program for
every computational task. A universal classical Turing
machine has both type-I and type-II universalities. Hap-
pily, so does the universal QTM, as established by the
above theorem.
Therefore the universality and being fully quantum do
not require the quantum computer to evolve from an ar-
bitrary superposition; the computation U is done only on
the data state although the dynamics U is applied to the
whole system. It is the data state, instead of the total
state of the system, that should be able to start from
a superposition. Therefore, jAi and jBi in Myers’ argu-
ment as summarized above should be the states of the in-
put data. From the standpoint of type-I universality, the
claimed conflict does not exist : for every computational
task, there is a corresponding program; in other words,
when the input data is a superposition of A and B, the
state of machine only need to be j0; 0; 0h;A+B,PA+Bi,
where jPA+Bi is a program state corresponding to A+B.
Thus the entanglement involving the halt qubit will not
occur as far as the type-I universality exists, no matter
whether there is type-II universality. On the other hand,
type-II universality means jPAi=jPBi=jPA+Bi=jP(U)i
for a same desired U , and thus j0; 0; 0h;A + B,P(U)i=
j0; 0; 0h;A,P(U)i+ j0; 0; 0h;B,P(U)i. Hence the execu-
tion time of P(U) is independent of the data state. There-
fore if the universality of either or both types exist, the
halt scheme is consequently no problem. The above the-
orem states that there exists a universal QTM with both
types of universality, hence the conflict claimed by Myers
does not exist.
After the flip of the halt qubit, if the measurement
is not made immediately, the total state of the com-
puter should continue to evolve. To preserve the desired
data state, one should let another part of the machine to
change because of unitarity. Alternatively, one may ob-
serve the halt qubit at each step and make measurement
on the desired state immediately when the halt qubit
flips.
In Deutsch’s proof of the existence of a universal
QTM, a key step is an inductive proof of the exis-
tence of a program which accurately evolves an arbi-
trary L-bit data state jψ1Li to j01Li (j0iij0i+1i    j0ji
is denoted as j0iji). The proof is as follows. Write
jψ1Li =c0j01ijψ02Li + c1j11ijψ12Li. By inductive hy-
pothesis there exist programs ρ0 and ρ1 which accurately
evolve jψ02Li and jψ12Li, respectively, into j02Li.
Therefore there exists a program ρ with the following
eect: If qubit no. 1 is 0, execute ρ0, otherwise execute
ρ1. Thus jψ1Li is converted to (c0j01i+c1j11i)j02Li,
which can be evolved accurately to j01Li by a one-bit
transformation of the qubit no. 1.
This inductive proof outlined a hierarchical structure
of this program; it transforms all qubits to 0 one by one,
with synchronization in all branches. In stage No.i, qubit
No.(L+ 1− i) is transformed from a superposition of j0i
and j1i to j0i in each of the 2L−i branches, dened by
the dierent product states of qubits No. 1 to L − i.
Yet they are eected by the same dynamics U acting on
the total state of the computer. In each stage, in gen-
eral, the dierent transformations in dierent branches
need dierent amounts of time, hence one may ask: Can
the desired state of each stage be arrived at? A positive
answer is given by Lemmas 6.6 and 6.10 of [4], accord-
ing to which there is a time bound for ρ0 and ρ1, which
is polynomial in the accuracy and the number of qubits
under transformation. Therefore there is a synchroniza-
tion method: in stage No. i dened above, in each of the
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2L−i branches, after qubit No.(L+1− i) has transformed
to 0, identical transformation is made on this branch of
the data state, while an additional ancillary register is
evolved in order to keep unitarity, till the time bound.
Alternatively, Lemma 6.6 and Lemma 6.10 of [4] directly
provide an ecient program to evolve an arbitrary jψ1Li
to j01Li.
Now we turn to the more practical issue: how to build a
practical universal quantum computer? QTM is largely a
theoretical model, the practical quantum computer is the
quantum circuit [8]. In a quantum circuit, a gate array
unitarily transforms a collection of qubits from an input
state to an output state. Therefore we hope that there
is a universal quantum circuit, which, with a fixed gate
array, can perform an arbitrary unitary transformation
on a collection of data qubits, by encoding a program as
another part of the input.
In the consideration of Nielson and Chuang, for an ar-
bitrary unitary transformation U , one prepares a data
state jDi and a corresponding program state jP(U)i. A
xed gate array gives a xed unitary transformation G
on the total state: G(jDijP(U)i)= jUDiP 0(U)i. It was
shown that such a universal circuit does not exist, since
the number of possible unitary transformation of any fi-
nite number of data qubits is innite, consequently the
number of program qubits should be innite.
However, this diculty can be overcome by closely sim-
ulating the universal QTM. In stead of running the gate
array once, as considered by Nielson and Chuang, we may
repeat the operation of the same xed gate array. That
is, one run of the gate array, G, simulates one step of the
QTM, dened as U above. The qubits are specied as
several registers, representing respectively the processor
state, the halt qubit, the data, the program, as well as
ancillary qubits. After each run of the same gate array,
the output is taken as the input of the next run. The cy-
cle continues in this way, and a measurement on the data
state is made when the halt qubit is found to be changed.
The flow chart is shown in FIG. 1. Like present-day com-
puter, when the dimension of the quantum circuit is large
enough for practical purposes, it practically functions as
a universal quantum computer. Since the universal QTM
is ecient, the corresponding universal quantum circuit
is also ecient.
There is an easier scheme as follows. It is known that
there is a polynomial algorithm which decomposes, with
an arbitrary accuracy, an arbitrary unitary transforma-
tion U to a product of M near-trivial unitary transfor-
mation, with M polynomial in the dimension d of U .
A near trivial unitary transformation is either a phase
shift in only one dimension, or a rotation between two
dimensions [4]. Therefore we may construct a gate ar-
ray which can perform near-trivial unitary transforma-
tions, with the required accuracy, and with a xed an-
gle θ which is an irrational multiply of pi. There are
altogether d + d(d − 1) = d2 such near-trivial unitary
transformations. Suppose d is practically large enough
for computations. We specify a program register with
2 log2 d qubits, and a data register with log2 d qubits.
The gate array is designed in such a way that depending
on the basis state of the program state, it performs one of
the d2 near-trivial unitary transformations with a xed
angle θ, in one run. A \universal quantum circuit" is
obtained by controlling the gate array with, say, a clas-
sical computer, which calculates the set of near-trivial
unitary transformation with the xed irrational angle θ,
and then controls the update of the program to the one
corresponding to the next near-trivial unitary transfor-
mation before the next run of the same gate array. The
output of each run and the updated program are sent
back to be input for the next run. The cycle continues
in this way till halt. This scheme needs classical control.
The flow chart is shown in FIG. 2.
To summarize, several problems concerning the uni-
versal quantum computer are discussed. If the universal
quantum computer does exists, as stated in the work of
Deutsch and that of Bernstein and Vazirani, then the
entanglement between the halt qubit and other qubits
does not happen. This is because the universal quantum
computer performs an arbitrary computation on an ar-
bitrary data state by inputing a corresponding program.
Consequently, the claimed conflict between halt and uni-
versality does not exist. If the program is determined
only by the desired unitary transformation and the ac-
curacy, and is independent of the initial data state, then
the executation time should also be independent of the
data state. This requirement is indeed satised by the
universal QTM. In order to put the universal quantum
computer to practicality, I propose a universal quantum
circuit, avoiding the diculty pointed out by Nielson and
Chuang. It is proposed that the universal quantum cir-
cuit closely mimic the universal QTM, with one run of
the xed gate array corresponding to one step of the uni-
versal QTM. The output of one run is the input of the
next run. Measurement on the output data state is done
when the halt qubit flips. In an alternative scheme, the
desired unitary transformation is decomposed to near-
trivial transformations, which are consecutively realized
by updating the program after each run of the gate array.
FIG. 1. Flow chart of the universal quantum circuit based on simu
the xed gate array, G, corresponding to one step of the universal Q
state, U is an arbitrary unitary tranformation,  is an arbitrary accur
qubits for ancillary purposes. n, x are respectively states of the proce
FIG. 2. Flow chart of the \universal quantum circuit" based on up
Each Ui is one of d2 near-trivial unitary transformations of a xed an
is one of the d2 dierent programs. Hence with a xed gate array G
Here the halt qubit nh is unnecessary, since whether i = I signals wh
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